Walk Rearrangement, Cyclopentadienylphosphanes, Molecular-Orbital Study
I. Introduction
The dynamical phenomena exhibited by cyclopentadienyl (cp) compounds forms one of the most fascinating chapters in modern chemistry [1] . After the early reports on [1.5]-sigmatropic hydrogen migrations [2, 3] fast intramolecular metal migration in metal cyclopentadienes, as first suggested by Piper and Wilkinson [4] , has been detected by various research groups [5, 6] . The walk (circumambulatory) rearrangement is degenerate. From
the viewpoint of orbital symmetry [7] the fluxional behavious of 1 is allowed, in case the stereochemistry at the migrating center M is retained. This has been demonstrated at the example of a chiral cpsilane [8] .
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Although the diversification of the walk reaction is overwhelming, a systematic investigation of substituent effects on the rate of migration was presented only recently by Jutzi and Saleske [9] , for the case M = PR2 (R = alkyl, halogen etc.) attached to pentamethylcyclopentadiene (pep). Table I summarizes some pertinent examples of measured enthalpies of activation. The observed energy barriers span wide ranges, from 31 to 5 kcal/mole. 
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The purpose of this paper is to analyse in what ways the activation energy for the [1.5]-sigmatropic reaction (walk rearrangement) may be modified and to suggest candidates with extreme low energy barriers for reaction. Finally the possibility of the various stereochemical modes during migration, i.e. inversion versus retention of configuration, will be discussed. The former process is formally contradictory to the expectations of the Woodward-Hoffmann rules [7] for a suprafacial [1.5]-sigmatropic reaction.
II. Results and Discussion

a. The fragment orbital picture of the ground and transition state
We begin the discussion with an analysis of bonding in the ground state 2 and the transition state 3 for the shift of a group M = PH2 over a cyclopentadienyl unit. According to Cotton's classification [10] 2 refers to a monohapto and 3 to a dihapto bound P 2 3 cyclopentadienyl species. Their orbital system can be thought of being composed by interaction of a PH2 unit with a cyclopentadienyl (cp) unit. For the case of 3 (transition state with retention of configuration at phosphorus) the matter is illustrated by EH calculations [11] , in Fig. 1 . PH2 possesses a frontier orbital system analogous to methylene [12] , It is therefore isovalent to the methylene anion radical. The frontier orbitals of the cp-system are constituted from two degenerate sets. The frontier orbitals at fragment B are lower in energy than those of fragment A. Predominant orbital interaction occurs between the p-orbital (at phosphorus) with one component (a') of the lower set (overlap at C(l), C(2) rsp. of cp). In our picture the overlap of o (at B) with a' (at A) is least favourable.
b. The frontier orbital system in PR2
Consider next the system of frontier orbitals in a fragment PR2, i-e. in PH2 the hydrogens being replaced by atoms (groups) bearing lone pairs (R = halogen, OH, NH2 etc.). The qualitative bonding features of such a fragment follow immediately from the electronegativity rules [12] for (singlet) carbenes. In agreement with EH calculations they are illustrated in Fig. 2 for the case discussed here.
If the ligands R belong to the same row in the periodic table of elements the SOMO (singly occupied molecular orbital) is raised in energy in the order R = NH2 > OH > F. Similarly the ligands R = Cl. SH, PH2 form another set of fragments (only R = Cl is included in Fig. 2 
for comparison).
The energy levels of fragment B may be readily compared with the frontier orbitals of fragment A and its derivatives. For various cp-systems these are collected in Fig. 3 .
With respect to parent cp, the replacement of the hydrogens by halogens or alkyl (silyl) groups raises the two degenerate sets of jr-orbitals.
c. The numerical evaluation of ground and transition state geometries
The various substituted structures 2 and 3 were analyzed by energy optimized MNDO [13] calculations. The most important bonding parameters thus obtained are collected in Table II for the ground  state 2 and in Table III for the transition state geo- According to the calculations the transition state geometries correspond to a PR2 fragment loosely interacting with a cp system. Except for R = Cl the transition states with retention of configuration at the migrating phosphorus atom are always lower in energy than their counterparts with inversion of configuration. The factors which are responsible for the energetic proximity of both geometrical alternatives will be discussed in a later section of this publication. Most noticeable, for the ligands R = F, OH and NH2 the transition states are less tied than for R = H, Cl; e.g. for the case R = NH2 the bond PC(1) is 0.15 Ä longer than for R=H. This can be rationalized by the following considerations:
Consider the dissociation of 2 and/or 3 in a cp radical and a PR2 radical. The former is known to gain considerable resonance stabilization (15-20 kcal/mole [14] ). Similarly, PR2 radicals are stable entities [15] . Although the amounts of their stabilization energies are not known, they may be estimated from that of an allyl radical, which is 13 kcal/mole [16] . On the other hand the dissociation energy of a PC bond is approximately 65 kcal/mole [17] . Subtracting from this value the resonance energies of the two fragments yields 65. -(20. + 13.) = 32. kcal/mole. In other words this value corresponds to an approximate estimate for the fragmentation of 2 in two radicals. This value is very close to the experimentally observed energy barrier A H+ = 30.7 kcal/mole for the rearrangement of 1 (M=PH2) (see also Table I ).
In spite of the fact that the fragmentation of 2 is promoted by the formation of two highly resonance stabilized radicals, this tendency is reflected in the transition state geometries (see Table III ). To much less extent it is also revealed in the ground state geometries (see Table II ). Most strongly it is pronounced for the case PR2, R=NH2, and in agreement with the well known ability of an amino group to support mesomeric interaction with an electron deficient center [18, 19] . So far our considerations were restricted to an analysis of symmetry adapted conformations for 2 and 3 (imposed Cs symmetry). In order to complete our study the following points were investigated in addition: (1) Within the given constraint of Cs symmetry the exo and endo conformations of 2 and 3 for the simplest case R=PH2 were examined. Both conformations are almost equal in energy.
P--H
Furthermore the rotational barrier of the PH2 unit around the PC-axis in 2 is negligible small [20] . ( 2) The constraint of Cs symmetry at the PR2 fragment was relieved. A substituent (R = OH) was chosen, whose electronic environement is not cyclindrically symmetrical. The results obtained are as follows:
The ground state is lowered more in energy (by 4.1 kcal/mole) than the transition state (by 0.5 kcal/ mole), which can be attributed to the decrease of repulsion of the lone pairs at the ligands at phosphorus. Since they are delocalized towards the phosphorus the energy lowering is of less importance for the transition state compared with the ground state. This additional stabilization of the ground state only occurs for ligands at phosphorus with an unsymmetrical electron distribution around the bond axis towards phosphorus; i.e. the substituents R=halogen (F, Cl, Br) are not effected by these considerations. These findings explain the higher energy barrier if the same substituent R at P (see Table I , the case of the amino group) is forced into a ring system. A destabilization of the ground state is caused which reduces the overall reaction energy barrier.
d. Relative energy barriers and differential frontier orbital theory
A priori, a change of the energy barrier for activation of the walk reaction can be attributed to a predominant stabilization (destabilization) of the transition state or the ground state, as illustrated in the following scheme as case (A) or (B). From the viewpoint of the previous considerations the reaction at hand falls into category (B), i.e. the decrease (increase) of the reaction energy barriers are predominently due to stabilization (destabilization) of the transition state.
In terms of differential frontier orbital theory [21] a change in the reaction rate corresponds to a change in the interaction energy between the frontier orbitals of the two fragments, cp and PR2 (see Fig. 1 ). In more detail the contributing factors are: (1) With decreasing energy difference of the frontier orbitals the interaction energy increases. (2) With decreasing overlap of the fragments the transition state becomes more loose, i.e. it resembles more two loosely coupled radicals. Both factors, changes in frontier orbital energies (as (1)) and frontier orbital overlap (as (2)) can be additive or counteractive [21] .
Energy barriers for a variety of substituted cp systems obtained from MNDO calculations are col- Table IV . Activation enthalpies (in kcal/mole) for penta-alkyl, -silyl and -halogen substituted cp systems with various PR2 systems, determined by energy optimized MNDO calculations. For the computations (a) Cs symmetry was imposed on the ground and transition state geometries and (b) retention of configuration at phosphorus. In brackets are the bond lengths (in Angstr0m units) PC(1), PC (2) Table IV . Compared with the cp systems the order of relative energy barriers in the substituted cp's (especially pep) depends more strongly on the 'fragmentation tendency' of the transition states. This is reflected in the loosened geometries (see Table IV ), corresponding to the increased mesomeric stabilization in the pep radical [22] .
In case of inversion of configuration at phosphorus there is additional interaction of the a orbital with one component (a') of the degenerate set at the cp fragment. It increases with lifting the energy level of a. Correspondingly for R=C1 retention and inversion (at the migrating atom) are equally feasible (see Table III ).
e. Retention versus inversion of configuration at the migrating phosphorus atom
Next we will discuss the various stereochemical alternatives for the PR2 group in the transition state. Although the rules of orbital symmetry [7] predict retention of configuration at the migrating atom, from the viewpoint of the fragment orbital picture (see Fig. 1 ) both stereochemical alternatives are possible. This is due to the presence of the degeneracy in the sets of frontier orbitals in the cp unit. The different situation for orbital overlap is viewed as follows:
Consider alternatively PH2 (at cp) replaced by NH2 [23] . The 3p orbital (at P) is then replaced by the more contracted 2p orbital (at N), w r hich is of additional advantage for overlap with the (hybrid) a-orbital. According to MNDO, for the case M=NHo (at cp) inversion is favoured over retention by 30.1 kcal/mole (contrary to the case M=PÜ2. see Table III ) [24] ,
/. The frozen-in walk rearrangement
A final question is still open, is it possible to freeze in the walk rearrangement ? According to EH calculations [20] the frontier orbitals of various fragments MH2 (M=N, P, As, Sb) are raised in energy with decreasing electronegativity of the central atom. The transition state will be stabilized increasingly and the activation energy barrier will drop. In addition the Sb-C bond is weaker compared with the P-C bond. On this basis suitable candidates with lowest energy bariers for reaction are cp systems with a SbR2 substituent.
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Conclusions
The results obtained in the present study can be summarized as follows:
(1) The walk rearrangement of cyclopentadienylphosphanes is analyzed on the basis of differential frontier orbital theory substantiated by EH and energy optimized MNDO calculations. Accordingly, the transition state and the ground state can be described by interaction of a PR2 fragment with a cp-unit. ( 2) The sigmatropic reaction can occur with retention of inversion of configuration at the migrating center, depending on the electronegativity of the central atom in the MR2 unit (M=N, P, As, Sb) and its ligands R. Only the former stereochemistry is in accordance with the requirements of the Woodward-Hoffmann rules. (3) The magnitude of the energy barrier for the degenerate rearrangement of cyclopentadienylphosphanes depends strongly on (a) the frontier orbitals of the PR2 fragment and on (b) the 'extrastabilization' in the transition state, i.e. its tendency to fragment into two mesomerically stabilized radicals. The factors can be analyzed in terms of the recently derived electronegativity rules within differential frontier orbital theory [21] . (4) Finally on the basis of the qualitative arguments obtained, structural candidates are suggested which should possess extreme low energy barriers for reaction, in which the transition state structure may be probably frozen out.
At long last some limitations of our MO model become apparant: (1) The calculated energy barriers are higher than the experimentally determined ones. Nevertheless the trends are correctly predicted by the quantum chemical model. ( 2) The considerations presented here imply an intramolecular reaction. On the other hand, the system 2 and 3 reveal strong fragmentation tendencies, as experimentally observed for a related case [25] . Hence our model is only strictly applicable to intramolecular circumambulatory rearrangements. This work was supported by the Fonds der Chemischen Industrie. The computer time was generously provided by the Rechenzentrum der Universität Bielefeld. The author thanks Prof. Jutzi for helpful discussions and communicating his results prior publication.
